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Previous studies have shown that desaturation can improve the liquefaction resistance of originally saturated sand. To apply this method in
practice, we need to establish the relationship between undrained liquefaction resistance and the degree of saturation for sand. In this paper,
previous studies on the undrained strength and liquefaction behavior of partly saturated sand are reviewed ﬁrst. Then, experimental results of
triaxial undrained compression and extension tests on loose sands are presented. The data are used to examine the relationships between
undrained liquefaction resistance and degree of saturation of samples under different loading modes.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Previous studies on the liquefaction behavior of sand have
shown that one way to increase the liquefaction resistance of sand
is to make it slightly unsaturated (Yang et al., 2004; Okamura and
Soga, 2006; Yegian et al., 2007; Okamura et al., 2011; He et al.,
2013). During undrained shearing, isolated gas bubbles in sand
can largely alleviate the pore water pressure buildup which would
have been generated in fully saturated sand and enhance the
undrained shear strength of desaturated sand. This desaturation
approach is potentially less expensive than other conventional0.1016/j.sandf.2014.06.020
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der responsibility of The Japanese Geotechnical Society.liquefaction remedial methods. It also offers an alternative
mitigation solution to liqueﬁable sites where soil compaction or
cement mixing is deemed too difﬁcult to be carried out. In order
for this method to be applied reliably in practice, a proper design
procedure has to be established. The objectives of this study are
to achieve a better understanding on how desaturation affects the
undrained resistance of sand through a set of laboratory tests. The
testing data were used to verify some of the established relation-
ships between undrained strength and degree of saturation. The
implication of the test results on post-liquefaction ﬂow failure is
also discussed.
2. Background
The undrained behavior of unsaturated sand has been a
research topic of great interest for decades. Early studies onElsevier B.V. All rights reserved.
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saturation in order to avoid overestimating undrained shear
strength in triaxial tests (Sherif et al., 1977; Chaney, 1978;
Yoshimi et al., 1989; Xia and Hu, 1991). In recent years, the
objective of the research has been shifted to the use of soil
desaturation as a means of liquefaction mitigation (Tsukamoto
et al., 2002; Tamura et al., 2002; Pietruszczak et al., 2003;
Yang et al., 2004; Okamura and Soga, 2006; Okamura et al.,
2006, 2011; Yegian et al., 2007; Rebata-Landa and Santamar-
ina, 2012; Eseller-Bayat et al., 2013; He et al., 2013). Some of
these studies are reviewed below.
The relationship between cyclic strength and degree of
saturation has been investigated using cyclic triaxial or cyclic
torsional shear tests, as summarized by Yang et al. (2004) and
Okamura and Soga (2006). An increase in the cyclic strength
of sand is observed when the degree of saturation or pore
pressure coefﬁcient B is reduced. Based on laboratory cyclic
triaxial tests on sand, Okamura and Soga (2006) obtained a
relationship to account for the increase in cyclic strength of
sand with the change in degree of saturation, as:
LRR¼ logð6500εvnþ10Þ ð1Þ
in which, LRR is the liquefaction resistance ratio which is
deﬁned as the strength of unsaturated sand normalized with
respect to that of fully saturated sand, and εv
n is the potential
volumetric strain which is calculated as
εvn¼ σ
0
c
p0þσ0c
ð1SrÞ e1þe ð2Þ
in which, p0 is the absolute pressure of the pore ﬂuid, σc0 is the
initial effective conﬁning pressure, Sr is the degree of satura-
tion, and e is the initial void ratio.
Another relationship between the cyclic strength ratio and
the pore pressure coefﬁcient B was obtained by Yang et al.
(2004) based on laboratory test data:
ðCSRÞPS ¼ ðCSRÞFSexp½βð1BÞ ð3Þ
in which, CSR is the cyclic strength ratio, the subscripts PS
and FS denotes partial saturation and full saturation, respec-
tively, β is a parameter to be calibrated from the test results,
and B is the pore pressure coefﬁcient B. The value β of 0.71
was suggested to ﬁt the cyclic test results. We can show by
using these relationships that lowering the degree of saturation
of an initially fully saturated sand by a few percent will lead to
a signiﬁcant enhancement in the cyclic strength. The logarith-
mic relationship as expressed in Eq. (1) suggests that the effect
of desaturation on the liquefaction resistance is more pro-
nounced when the degree of saturation is relatively high and
the effect becomes weaker as the degree of saturation reduces.
Moreover, other parameters, such as back pressure, effective
conﬁning pressure, and void ratio, also affect the strength of
sand, as indicated by Eqs. (2) and (3) (note B is also a function
of these parameters).
Shaking table model tests have also been carried out on sand
slightly desaturated to different degrees of saturation to study
the effect of desaturation on liquefaction resistance (Okamuraand Teraoka, 2006; Yegian et al., 2007; He et al., 2013). The
test results obtained from these tests indicate further that
desaturation is effective in reducing the liquefaction responses,
such as pore water pressure buildup, ground settlement, and
sinking of structures resting on the soil.
The observation that the undrained strength of slightly
unsaturated sand is higher than that of saturated sand is also
manifested under monotonic loading. Grozic et al. (1999)
reported that, under undrained compression, loose sand experi-
enced a transition from strain softening to strain hardening
when the degree of saturation was reduced to be lower than
90%. Rad et al. (1994) reported that sand containing non-
soluble gas is stronger than that containing soluble gas. The
numerical modeling conducted by Grozic et al. (2005) showed
that the undrained strength of gassy soil increased with a
reduction in the degree of saturation. It should be pointed out
that the objective of these studies was to investigate the effect
of gas on the undrained behavior of gassy soil (soil with pore
water containing dissolved gas) in marine sediments. This
paper, however, aims at examining the relationship between
the liquefaction resistance and the degree of saturation so as to
evaluate the effectiveness of desaturation as a means for the
liquefaction mitigation.
Different techniques to achieve the desaturation of sand
have been proposed and tested, including air injection
(Okamura et al., 2011), water electrolysis (Yegian et al.,
2007), the use of chemicals, such as sodium perborate
(Eseller-Bayat et al., 2013), and the use of microbial processes,
such as microbial denitriﬁcation (Rebata-Landa and Santamar-
ina, 2012; He et al., 2013). It is also reported that a soil
improvement technique, sand compaction pile, can bring large
amount of air bubbles into sand piles and surrounding soils,
which has a positive effect in addition to its primary function
(Okamura et al., 2006). The use of vacuum evaporation or
vacuum pressure can also achieve the desaturation effect of
soil, although this method is more applicable for ﬁne grain
soils (Umezaki and Kawamura, 2013). In this experimental
study, the microbial denitriﬁcation process is adopted for soil
desaturation, as will be introduced in detail in the next section.
Although liquefaction resistance should be evaluated using
cyclic tests, liquefaction under quasi-static loading conditions
is also important because quasi-static loading can be either the
triggering factor of liquefaction or the driving force of
postliquefaction ﬂow failure under some conditions (Jefferies
and Been, 2006). However, there are differences between
cyclic and static liquefaction. Cyclic liquefaction can poten-
tially occur in dense sand given abundant number of cycles
(Yang et al., 2004; Okamura and Soga, 2006). In contrast,
strain hardening (non-liquefaction) prevails in dense sand
under monotonic loading irrespective of degree of saturation
(He, 2013). Therefore, loose sand should be studied when
static liquefaction is a concern.
In this paper, experimental results of triaxial undrained com-
pression and extension tests on desaturated loose samples are
presented. The relationships between liquefaction strength and
degree of saturation under different loading conditions are
summarized and discussed.
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3.1. Tested sand
Ottawa sand (ASTM graded) was used in this study. It is a
poorly-graded quartz sand with a mean size of about 0.4 mm.
The grain shape is round. The maximum and minimum void
ratios are 0.8 and 0.5, respectively. The particle size distribu-
tion is shown in Fig. 1.
3.2. Biogenic gas desaturation
In this study, a microbial gas generation method was used
for soil desaturation. Microbial denitriﬁcation process was
adopted to generate nitrogen (N2) gas in soil. Microbial
denitriﬁcation is a stepwise reduction of nitrate to nitrogen
gas. If ethanol is used as the electron donor, the overall
reaction equation is,
5C2H5OHþ12KNO3-10CO2þ6N2↑þ9H2Oþ12KOH
ð4Þ
As can be seen in the equation, there are two gases
produced, nitrogen (N2) and carbon dioxide (CO2). N2 has
much lower solubility in water than CO2 (0.017 g/L for N2 and
1.5 g/L for CO2). In the case of soil desaturation where only
small amount of gas is needed, CO2 will be dissolved in water
and free gas will be N2. This soil desaturation method has been
adopted by Rebata-Landa and Santamarina (2012) and He
et al. (2013) to study the effect of soil desaturation on the
liquefaction behavior of sand.
The species of denitrifying bacteria used in the test was
isolated from anaerobic digester in a wastewater treatment
plant. The isolated strain of denitrifying bacteria belonged to
Acidovorax species, according to 16s rRNA gene sequencing.
For soil desaturation, the molar ratio of ethanol:nitrate was
controlled at 1.1:1. Other nutrients (NH4Cl, 12; KH2PO4, 75;
K2HPO4, 250; MgSO4  7H2O, 10; FeSO4  7H2O, 1; CaCl2
 2H2O, 1.5, mg/L of tap water) were also added.
3.3. Sample preparations
Triaxial samples were prepared by the moist tamping
method. Dry sand was mixed with 5% of water ﬁrst. ThenFig. 1. Particle size distribution.sand was compacted in the mould by ﬁve equal portions. The
sample was 50 mm in diameter and 100 mm in height for
compression tests and 70 mm in diameter and 140 mm height
for extension tests. After the formation of the sample, the
triaxial chamber was assembled and ﬁlled with water.
A 15 kPa cell pressure was applied to support the sample.
CO2 gas was aerated through the sample for 20 min. The use
of CO2 was to make sure that the sample was initially
saturated.
Distilled water (for saturated samples) or water mixed with
denitrifying bacteria and nutrients (for desaturated samples)
was then percolated through the sand sample. Once the
samples mixed with bacteria and nutrients were formed, the
reaction would start. Since the gas generation process took less
than 5 days to complete, for the desaturated samples, the tests
were conducted 5 days after the introduction of the bacteria
and nutrients. The gas generation in the sample shifted the
water level in the tube connected to the drainage valve. The
process was thus observed. The initial height and perimeter of
the sample were measured to determine the initial void ratio.
The void ratio after consolidation was calculated using the
initial void ratio with correction made using the volume
change measured during consolidation. The degree of satura-
tion was calculated using the molar ratio of KNO3 and N2 in
the chemical equation as indicated in Eq. (4). The determina-
tion of degree of saturation also considered the changes in
volume and solubility of gas bubbles after the application of a
100 kPa back pressure.
3.4. Triaxial tests
A common deformation-controlled triaxial apparatus was used
in this study. Triaxial isotropically-consolidated undrained com-
pression and extension (CIUC and CIUE) tests were conducted.
A cell pressure of 200 kPa and a back pressure of 100 kPa were
applied to the samples. The samples were sheared at a strain rate
of 0.1%/min. The tests conducted and some testing parameters
are presented in Table 1.
The volume change of an unsaturated soil is ascribed to two
parts: the drainage of water and air, and the compression and
dissolving of occluded gas bubbles (Liu et al., 2012). How-
ever, in an undrained condition such as the case in this paper,
the volume change is due to only the compression and
dissolving of gas bubbles in soil. In this study, the initial
degree of saturation was used as a reference to delineate the
soil behavior, and the variation in degree of saturation during
undrained shear was not measured. However, as the amount of
gas in the sample was small, the volume change was expected
to be small.
4. Results
Three series of test results are presented in Figs. 2 to 4. The
triaxial compression test results are presented in Fig. 2. As the
degree of saturation reduces from 100% to around 88%, the
undrained responses of loose sand (DrE10%) show that: (1)
there is a signiﬁcant improvement in the undrained peak
Table 1
Testing arrangement.
Test type Test no. Void ratio after consolidation Relative density Initial degree of saturation Undrained strength Potential volumetric strain
ec Dr (%) Sr (%) su (kPa) εv
n
Compression CUC01 0.769 10.3 100.0 24.0 0.0000
CUC02 0.770 10.0 99.2 30.1 0.0012
CUC03 0.773 9.0 98.1 39.4 0.0028
CUC04 0.773 9.0 96.3 45.2 0.0054
CUC05 0.774 8.7 94.5 51.3 0.0080
CUC06 0.774 8.7 91.0 57.5 0.0131
CUC07 0.773 9.0 87.5 61.2 0.0182
Extension CUE01 0.769 10.3 100.0 10.4 0.0000
CUE02 0.773 9.0 96.4 12.1 0.0053
CUE03 0.774 8.7 94.6 13.8 0.0078
CUE04 0.772 9.3 87.6 17.4 0.0180
CUE05 0.707 31.0 100.0 12.5 0.0000
CUE06 0.706 31.3 94.6 17.7 0.0074
CUE07 0.711 29.7 87.6 21.6 0.0171
Fig. 2. Undrained behavior of loose sand (DrE10%) under triaxial compres-
sion (a) Stress–strain responses; (b) pore water pressure responses.
Fig. 3. Undrained behavior of loose sand (DrE10%) under triaxial extension
(a) Stress–strain responses; (b) pore water pressure responses.
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stress–strain curves display a transition from strain softening to
strain hardening; and (3) the pore water pressure generation is
greatly reduced. It can be seen from these results that the
undrained resistance of loose sand has been improved by
lowering the degree of saturation. The undrained peak strength
here was calculated as half of the peak deviator stress. For the
stress–strain curves with a strain hardening pattern, the maximum
deviator stress within 10% axial strain was taken as the peak
deviator stress.The undrained responses of sand in triaxial extension tests
are shown in Figs. 3 and 4. A trend similar to those under
compression is observed. Figs. 3 and 4 present two series of
extension test results on the samples with relative densities of
around 10% and 30%, respectively. It is observed in both
Fig. 4. Undrained behavior of loose sand (DrE30%) under triaxial extension
(a) Stress–strain responses; (b) pore water pressure responses.
Fig. 5. Relationship between liquefaction resistance ratio and potential
volumetric strain.
J. He et al. / Soils and Foundations 54 (2014) 910–916914series of tests that the lower the degree of saturation, the higher
the undrained peak strength. However, behavior with transition
from strain softening to strain hardening is only observed in
the second series of tests on samples with 30% relative density.
The results shown in Fig. 3 indicate that, in the extension
loading condition, the desaturation method may not always be
effective as far as mitigation of static liquefaction is concerned
when the sand is very loose.5. Discussions
5.1. Undrained strength in relation to potential volumetric
strain and pore pressure coefﬁcient B
Eq. (1) as proposed by Okamura and Soga (2006) can be
generalized as
LRR¼ logðα εvnþ10Þ ð5Þ
in which, α is the parameter to be calibrated. The data obtained
from this study is used to check whether Eq. (5) is applicable.
The liquefaction resistance ratios calculated using the com-
pression and extension data are plotted against volumetric
strain in Fig. 5. As stated earlier, the liquefaction resistance
ratio is calculated as the undrained strength of desaturated sandnormalized by the undrained strength of the saturated sand. As
can be seen, the data for both compression and extension
match well with Eq. (5) with α¼14,000 and 1800, respec-
tively. The original equation of Okamura and Soga (2006) with
α¼6500, i.e., Eq. (1) is also plotted in Fig. 5 and this curve is
between the curves for compression and extension.
Another relationship, Eq. (3), given by Yang et al. (2004),
suggests that the liquefaction resistance ratio has an exponen-
tial relationship to the pore pressure coefﬁcient B. LRR data
obtained from this study are plotted against B in Fig. 6.
Although there is scatter in the data points, it can be seen that
the LRR data for compression and extension tests follow
Eq. (3) with β¼1.15 and 0.65, respectively. The value of β
proposed by Yang et al. (2004) for the cyclic loading samples
is 0.71, which is between the values for the compression and
extension tests.
As veriﬁed in Figs. 5 and 6, both Eqs. (1) and (3) can be
used to evaluate the liquefaction resistance ratio under either
cyclic or monotonic loading conditions. However, different
coefﬁcients need to be used for different loading modes, i.e.,
for compression or extension. Therefore, the coefﬁcients in
Eqs. (3) and (5) should be revised to ﬁt the data in the speciﬁc
loading modes. It should be noted in Eq. (2) that potential
volumetric strain, εvn, is affected not only by the degree of
saturation, but also the void ratio, effective conﬁning pressure
and back pressure. For this reason, the experimental data also
reﬂected the inﬂuence of these factors.
It should be pointed out that, the soil suction in unsaturated
clean sand is rather small, typically around 3 kPa when the
degree of saturation is larger than 80% (Likos and Jaafar,
2013). Therefore, the signiﬁcant difference in the undrained
responses for soils with varying degrees of saturation, as
shown in Figs. 5 and 6, cannot be ascribed to suction. It may
well be that it is the isolated gas bubbles in soil that serve as
pressure buffers to alleviate the pore water pressure buildup,
which in turn enhances the undrained shear strength.
5.2. Liquefaction strength under cyclic load versus undrained
shear strength under monotonic load
The evaluation of the undrained behavior of sand using static
tests can provide useful information for cyclic liquefaction
Fig. 6. Relationship between liquefaction resistance ratio and pore pressure
coefﬁcient B.
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Seed, 1988; Ishihara, 1993). The concept of steady-state, which
was ﬁrst developed for monotonic loading condition (Castro,
1969), proved to be applicable to the cyclic loading condition
(Poulos et al., 1985; Mohamad and Dobry, 1986; Jefferies and
Been, 2006). Mohamad and Dobry (1986) reported that, when
analyzing the undrained behavior of saturated sand, the mono-
tonic behavior should be considered for the determination of
cyclic strength. Static and cyclic liquefactions are similar in
terms of their post-liquefaction strength and steady-state beha-
vior (Poulos et al., 1985; Ishihara, 1993). For a soil at steady
state, if the statically-sustained driving shear stress is larger than
the steady state strength, soil will experience ﬂow failure. As for
the test results in this paper as shown in Figs. 2 to 4, these soil
samples are approaching and close to steady state at least, if not
at steady state. The test results show that there is a great
improvement in the steady state strength with reducing degree of
saturation, and hence a stronger resistance to post-liquefaction
ﬂow failure.6. Conclusions
The relationship between liquefaction resistance and degree
of saturation of loose sands was established using triaxial
undrained monotonic loading tests. Three series of tests were
carried out under triaxial compression or extension loading
conditions on sand with different void ratios. When the degree
of saturation reduces from 100% to around 88%, the testing
data show: (1) a substantial increase in the undrained shear
strength; (2) a transition from strain softening to strain
hardening behavior, except for the extension tests with
DrE10%; and (3) a substantial reduction in the pore water
pressure.
The experimental data are compared with two relationships
that account for the effect of degree of saturation of sand on its
liquefaction resistance. The comparative analysis shows that
both relationships proposed by Okamura and Soga (2006) and
Yang et al. (2004) are applicable to the data obtained from
triaxial monotonic compression and extension tests. However,different values of coefﬁcients need to be used for compression
and extension, respectively.
The test results presented in the paper also show that the
steady state strength can be much increased by reducing the
degree of saturation of sand.References
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